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Among the many investigations reported in the literature greater
emphasis appears to have been placed on the physiological aspects of
the aerial parts of plants following treatment with growth regulating
substances, However, among some of the more recent studies, attention
has been focused on the developmental and anatomical aspects of stems,
flowers, leaves and roots of plants following treatment with growth
regulating substances.
The term “growth regulator’t refers to those organic compounds,
other than nutrients, that are capable of modifying cellular growth
even when present in exceedingly low concentrations. Included in this
category are substances which either stimulate, inhibit, or otherwise
alter growth (Leopold, 1955).
The capacity of 2,4-dichlorophenoxyacetic acid, a synthetic plant
auxin, to control certain phases of plant growth has been well estab
lished, especially among the broad-leaved plants. Application by
spraying solutions on the foliage, leaf infiltration, direct injection
of solutions into vegetative parts, or by direct immersion of the roots
of a plant, have all resulted in the induction of distinct abnormalities
and modifications of the treated parts.
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Although many reports are available on general modification of
plant form and structure induced by 2,4-D application, not as much
information is available on structural changes within treated plant
parts. An interest in 2,4-B induced structural modifications within
vegetative parts of a plant led to the conception of this study. The
primary objective of this investigation was to study the effects of
2,4-B on structural development and anatomical changes in roots of
plants. The sunflower, Helianthus annuus, was chosen as the experi
mental plant. The report presented here provides an account of
observations made on morphological and anatomical changes that occurred
in young primary roots of Helianthus annuus following treatment, after
seed germination, with 4 mg/liter aqueous solutions of 2,4-B.
CHAPTER II
REVIEW OF LITERATURE
The capacity of auxins to regulate certain phases of plant
growth has been known for many years. Thimann (1937), in a study on
the nature of inhibitions caused by auxins, reported that parallel
behavior of roots, buds, and stems, in regard to auxin inhibitions,
suggests that roots, buds and stems react in a comparable way in re
sponse to dilute auxin solutions. Thimann pointed out that organ
growth was inhibited by relatively high auxin concentrations and pro
moted by relatively low auxin concentrations,
Eames (1950), in a study on the origin and development of the
sheath of proliferating tissue formed in the hypocotyl of bean
seedlings, following treatment with 2,4-D, found that all tissue be
tween the cortex and primary xylem was involved, The first divisions
were found to be in the endodermis and were soon followed by divisions
in the inner pericycle, primary phloem, and all immature cambium
derivatives. In the primary phloem, fully differentiated at the time
of treatment, the parenchyma cells which disrupted the phloem strands,
within which they lie, were found to proliferate freely and crushed
the companion cells and smaller sieve tubes.
Wilde (1951) treated the roots of the red kidney bean, Phaseolus
vulgaris, with 2,4-D and demonstrated that 2,4-D caused distinct
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abnormalities in the growth and anatomy of bean roots~ She found that
growth in the length of roots was checked and that an abnormal number
of lateral roots developed on immature and mature parts of the primary
roots Wilde also reported that, three days following 2,4-D treatment,
abnormal enlargements were visibly evident in all roots in regions
immediately above the root tip. Anatomical studies of these structural
abnormalities showed that these “shoulders” of tissues, as she described
them, were opposite the protoxylem points and were composed of prolif
erated pericyclic cells. Wilde also reported that the cells in the
region of cell diviáion divided abnormally, the cells in the region of
normal cell elongation were stimulated to abnormal enlargement, and the
meristematic zone immediately outside of the provascular core developed
and produced masses of proliferated pericyclic tissue.
Staniforth (1952) conducted a study in which he treated meriste
matic tissues in corn with 2,4-D. He reported that: 2,4-D treatments
at the time of tassel initiation caused severe inhibition of tassel
development; 2,4-D applications one to four days before silk emergence
caused severe inhibition of seed set on the developing ears Treatment
with 2,4-D at the time of tassel emergence also resulted in the inhibi
tion of ear shoots which were developing. Staniforth noted that these
critical growth stages were of relatively short duration and apparently
occurred during meristematic differentiation.
Sorokin, Mathur and Thimann (1962) in a study on the effects of
auxins and kinetin on xylem differentiated in pea epicotyl reported
that treatment of isolated segments from the second internode of etio
lated Alaska pea epicotyl with 2,4-D resulted in an activation of
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fascicular cambium and initiation of some interfascicular cambium, which
resulted in an abundant production of secondary xylem and the formation
of hyperplastic tissue. They found that there was a partial or even
total occlusion of proto- and metaxylem. The secondary xylem formed
was found to consist of short vessel members with scalariformly-reticu
late or pitted walls, which often lacked vertical connection with each
other, and were interrupted by unlignified cells. They reported that
2,4-D also initiated the formation of callus and growth of this callus
was found to cause a characteristic split at the base of the internode.
Torrey (1957) investigated the formation of vascular patterns as
related to the dimension of the apical meristem by allowing isolated
decapitated pea roots to regenerate new meristems and elongate in the
presence of indoleacetic acids Torrey found that by adding this growth
hormone to the medium surrounding the regenerating root tip it was
possible to change the vascular tissue arrangement. He pointed out
that the presence of IAA inhibited elongation of the newly formed men-
stem and increased the proportion of cells dividing radially causing
an increase in its radial dimension. Torrey postulated that IAA., by
increasing the proportion of cells dividing in a radial direction in
the root meristem, affected all subsequent steps in pattern formation
causing vascular tissue pattern modifications. The new roots formed
showed a symmetrical hexarch vascular pattern, as long as they continued
to elongate in the auxin medium, but when the roots were returned to
the auxin free medium the hexarch pattern reverted back to the original
triarch pattern which is characteristic of pea roots~
CHAPTER III
MATERIALS AND METHODS
Seeds of an unknown variety of Helianthusannuus were used in
this investigation. These seeds were purchased in November, 1963.
They represented a part of a large bag of sunflower seeds obtained
from the garden supplies department of Sears Roebuck and Company.
This investigation was begun in June, 1964. To prepare the seeds for
germination and experimentation, they werefirstthoroughly washed in
distilled water and placed in flat white porcelain pans lined with
sheets of moistened paper toweling. The seeds were allowed to
germinate at room temperature away from direct light.
Three days following germination all seedlings which had
primary roots measuring approximately l~ cm were removed from the
porcelain pans. Ten seedlings weresuspended upright in 10 cm Petri
plates and covered with 6 x 14 cm sheets of aluminum foil having holes
large enough to accommodate the primary root of each seedling. Prior
to this, 30 ml of aqueous 2,4-D had been placed in the Petri plates.
Careful insertion of the seedlings in these holes resulted in the
immersion of only the primary roots in the test solution. The roots
of the seedlings were exposed to 2 mg and 4 mg/liter concentration of
2,4-D for periods of 12, 24, 36, 48 and 72 hours. Treatment of the
control plants was the same as those for experimental plants except
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for the 2,4-D treatments.
The 2,4-dichiorophenoxyacetic acid used in this investigation
was obtained from Eastman-Kodak Distillation Products Industries,
Rochester, New York. The bottle was labeled ‘~suitable for chemical
use only”. Glassware used in this study was of Pyrex or Kimax brand.
The glassware was thoroughly cleaned with a detergent and rinsed
several times in distilled waters
Following an established procedure (Leopold, 1955), the stock
solution of aqueous 2,4-D was prepared. Twenty milligrams of 2,4-D
were weighed on an H-15 Mettler analytical balance, placed in a 100 ml
beaker, and dissolved in 3 ml of absolute alcohol. This solution was
placed in a liter volumetric flask. Using a plastic wash bottle con
taining distilled water, the beaker was thoroughly rinsed and the
contents added to the flask. Following this procedure the flask was
made up to volume with distilled water. All experimental solutions,
the 2 and 4 mg/liter concentrations, were prepared from the stock solu
tion. Three milliliters of absolute alcohol were placed in another
liter volumetric flask and made up to volume with distilled water.
Control plants were treated with this solution.
Measuring from the root tip back, approximately l~ cm lengths
were excised from the primary root of each of the ten plants in each
experiment. Excised roots were killed and fixed in a formali~-acetic
acid-alcohol fluid (FAA). The tertiary butyl alcohol method was used
for dehydration, after which, the roots were infiltrated and imbedded
with a 53-55C paraffin.
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All roots were sectioned at 10 microns with a Spencer rotary
microtome. Longitudinal and transverse serial sections were made of
all roots and were affixed to clean glass slides with Haupt’s ad
hesive. A safranin-fast green stain combination was used in preparing
the sections for study. All sections were permanently mounted in
Harleco synthetic resin. Five experimental series were used~ Each
series consisted of approximately one hundred root pieces.
Photographs of the seedling were made with a Startech Kodak
camera and of the sectioned material with a 35-mm camera attachment
on a Spencer Microstar microscope. Kodak Plus-X and Kodak verichrome





Treatment of sunflower roots with aqueous 2,4-dichlorophenoxyacetic
acid resulted in: (1) inhibition of growth in length of the primary
root; (2) abnormal enlargement of the primary root; (3) production of
numerous lateral roots along the sides of the primary root; (4) earlier
and more pronounced xylem differentiation, and (5) an increase in the
number of protoxylem poles.
A study of transections of untreated roots in the region of
maturation revealed the apparent characteristic anatomical structure
of primary roots in Helianthus annuus, Transections of roots in the
fully mature zone were not observed, since the standardized lengths
of roots used did not include this region. Furthermore, when the entire
root was considered, the maturation zone represented the most fully
differentiated region due to the young age of the root,
A microscopic study of the young primary root in the region of
maturation revealed a typical epidermal layer, the broad cortical zone,
and the stele. The endodermis was evident as the innermost layer of
the cortex but was not fully differentiated. The pericycle consisted
of two layers of cells forming an uneven ring of parenchyma cells as
the outer boundary of the stele. Four protoxylem poles were evident
resulting in this root having a tetrarch structure, Metaxylem
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elements were not differentiated and the center of the stele there
fore consisted of relatively large parenchyma cells, the precursors
of metaxylem elements. Four phloem areas were evident beneath the
pericycle and between the poles of xylem. This anatomical pattern
was consistent in all untreated roots examined and is presumed to
represent the characteristic structure of sunflower roots.
As indicated previously, two concentrations of 2,4-D were used
in this investigation. Appreciable differences were not noted in the
results obtained from root treatment with 2 and 4 mg/liter concentra
tions. As a result, only an account of the 4 mg/liter concentration
will be given in this paper.
Longitudinal sections of untreated roots in a region from 1,000
to 1,200 microns above the root apex showed no evidence of vascular
tissue differentiation after 12 hr in distilled water (Fig. 1).
Transections of the same untreated roots at the same level above the
root apex showed no evidence of vascular tissue differentiation. Longi
tudinal sections in a region,at a comparable level above the root
apex of treated roots exposed to 2,4-D for 12 hr,were studied. and
clearly differentiated xylem elements were observed (Fig. 2). Tran
sections at the same level in treated roots were studied and differen
tiated xylem elements were also observed.
When transverse sections of treated roots were studied in the
region of maturation, following a 36 hr exposure to 2,4-D, it was evi
dent that the cells of the cortex were much larger, vacuous and more
irregularly shaped than the cells in the cortex of untreated roots~
The cells of the endodermis of treated roots showed evidence of
Fig. 1 Longitudinal section through region approximately 1,000 to
1,200 microns above the root apex of the primary root of
a 12 hr control plant. x 450.
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Fig. 2 Longitudinal section through region approximately 1,000 to
1,200 microns above the root apex of the primary root fol
lowing 12 hr 2,4-D exposure. Note xylem development.
x, xylem, x 450.
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proliferation. The stele at th±s level was much more clearly blocked
out than in the untreated roots. Proliferation of the pericycle was
also evident. (See Figs. 3 and 4).
Transections through the region of maturation after 48 hr in the
2,4-D solution revealed striking changes in the primary root. The
irregularly shaped, vacuous, cortical cells had been pushed aside by
developing lateral roots, mesa lateral roots were developing in six
regions opposite the protoxylem poles (Fig. 5), The stele of the
treated roots had increased in aiameter. The average diameter of the
stele of treated roOt was approximately 300 microns4 The diameter of
the stele in untreated roots was approximately 200 microns. (See
Figs. 3 and 5). In longitudinal sections of these abnormally large
hexarch roots, the lateral roots were found to be closely crowded in
a vertical direction (Fig. 6).
Transections about 7,000 microns above the root apex through the
root hair zone, after 72 hr in distilled water, showed that the cells
of the cortex were slightly larger than at 36 hours. The vascular
tissue had begun to differentiate and was much more clearly blocked
out,~ Four protoxylem poles were evident (Fig, 7). The number
of protoxylem elements in each protoxylem pole ranged from six to
seven, Transections of roots 72 hr after 2,4-D treatment showed that
the cortex had been pushed aside by advancing lateral roots, At
some points, the lateral roots had penetrated the cortex (Fig, 8).
The number of protoxylem elements in each protoxylem pole was more
numerous in treated roots, ranging from fourteen to sixteen, Longitudinal
Fig. 3 Transection through region of maturation 36 hr after treat
ment with 4 mg/liter of 2,4-D, Note proliferation in the
pericycle and endodermis and development of xylem. p, pen
cycle; e, endodermis; x, xylem; r.p,, root pnimondium.
x 100.
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Fig. 4 Transection of a control root through the region of maturation
after 36 hr of growth. ep, epidermis; ra, rootcap; c, cortex;
ph, phloem; x, xylem; p, pericycle; e, endodermis~ x 100.
Fig. 5 Transection through root hair zone of treated root 48 hr
after treatment with 4 mg/liter of 2,4-D. Note hexarch
pattern of protoxylem poles and developing lateral roots
opposite protoxylem poles. l.r., lateral root; px, proto
xylem; c, cortex. x 100.
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Fig. 5 Transection through root hair zone of treated root 48 hr
after treatment with 4 mg/liter of 2,4-D. Note hexarch
pattern of protoxylem poles and developing lateral roots
opposite protoxylem poles. l,r., lateral root; px, proto
xylem; c, cortex~ x 100.
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Fig. 6 Longitudinal section through region approximately 1,000 to
1,200 microns above the root apex 72 hr after 2,4-D
treatments Note closely placed lateral roots along the
sides of the primary root. 1.r., lateral root; c, cortex.
x 100.
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Fig. 7 Transection through root hair zone of 72 hr control roots
Note tetrarch arrangement of protoxylem poles. px, proto
xylem. x 450.
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Fig. 8 Transection through root hair zone of treated root 72
hr after treatment with 2,4-D. Note lateral roots
pushing cortex aside. l.r., lateral root; c, cortex.
x 100.
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sections of 72 hr treated roots, showed xylem differentiation be
ginning about 1,000 microns above the root apex.
It is evident from these studies that 2,4-D causes an inhibi
tion of growth in length of the primary root. Treated roots were
found to be obviously shorter than the roots of the control seedlings
(Figs. 9 and 10). In addition to this modification, the primary roots
of the treated seedlings were conspicuously enlarged about 300
microns above the root apex. This enlargement extended the entire
length of treated roots (Fig. 9). Transverse sections of roots
exposed to 4 mg/liter of 2,4-D for 36 hr showed that the majority
of cells divided tangentially, adding to the radial dimension of
the root rather than its length (Fig. 3).
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FIg. 9 Primary root of treated Helianthus annuus seedlings.
A. Treated roots after 48 hr 2,4-D exposure.
B, Treated roots 72 hr after 2,4-D exposure. Note
1’ i~ -II..,
stunting and enlargement of primary root,
Fig, 10 Primary root of control Helianthus annuus seedlings.
A~ Control root after 48 hr. B. Control root after
72 hr.
Fig, 10 Primary root of control Helianthus annuus seedlings.




Studies on anatomical effects of tissue exposed to auxins have
led to the suggestion that tissues which are least differentiated
have the greatest potentials for response to an auxin (Leopold, 1956).
The fact that tissues which are not fully differentiated respond
more readily to auxin treatment, permits the assumption that men
stematic cells, and cells maintaining meristematic capabilities,
would be more likely to respond to 2,4-D treatment• It is evident
from these results that due to the young age of the plants used in
this study, much of the tissue was not fully differentiated, there
fore the effectiveness of 2,4-D in altering developing tissue was
greatly enhanced.
The penicycle, the site of lateral root initiation, is stimulated
to earlier and greater lateral root production. Transverse sections
of the large hexarch roots showed the formation of root primordia
opposite each protoxylem pole. Within 72 hours following 2,4-D
exposure, longitudinal rows of lateral roots were observed developing
on the sides of the primary roots. These findings are similar to
those reported by Wilde (1952) in a study of the effect of 2,4-ri treat
ment on roots of Phaseolus vulgaris,
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In the studies reported here, the development of root primordia
was associated with extensive cell proliferation, especially in the
pericyclic region and to some extent in the endodermis. These pro
liferations accounted for the development of an unusually large
number of lateral roots. The increase in the number of roots, radially
and vertically, caused the cortex of the root to become completely
displaced and practically obliterated. The increase in the number of
lateral roots in radial distribution can be attributed to the increase
in the number of primary xylem poles. Treated roots, as mentioned
previously, were found to be hexarch instead of being tetrarch in
nature. This hexarch pattern would therefore result in the formation
of a six root lateral root pattern instead of the usual four. This
change from a tetrarch pattern to a hexarch pattern in treated Helian
thus roots found in this study resembles the change in vascular pattern
of the Alaska pea reported by Torrey (1957) following IAA treatment•
Torrey reported that treatment of decapitated roots with auxins, in
fluenced the radial dimension of the meristem, during the course of
tip regeneration and resulted in a large procambial cylinder at the
level where the vascular tissue is first formed. Torrey proposed that
an increase in the dimension of the procambial cylinder, under auxin
control, resulted in increasing the number of vascular strands.
Treatment of the roots of sunflower seedlings with 2,4-D also
resulted in a general radial enlargement, inhibition of growth in
length, and pronounced xylem development in the primary root. Radial
enlargement of the primary root appeared to be due to proliferation
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in the pericycle and endodermis, and radial enlargement of cortical
cells, Thimann (1937) reported that relatively low auxin concentra
tions stimulated growth in length of roots and relatively high auxin
concentrations caused inhibition of growth in length of roots. The
findings in this study are in agreement with those of Thimann (1937)
as to ixihibition of growth in length of roots.
Sorokin, Mathur and Thimann (1962) reported that in Pisum, very
active fascicular and interfascicular canibium produced large amounts
of secondary xylem following auxin treatment. Although fascicular
and interfascicular cambium were not present in the tissue studied,




An investigation was conducted to study structural development
and anatomical changes in the roots of sunflower seedlings following
treatment with aqueous 2,4-n solutions. The concentrations used
were 2 mg and 4 mg/liter.
This investigation revealed that treatment of the roots of the
sunflower, Helianthus annuus, with aqueous 2,4-D solutions produced
the following effects: (1) inhibition of growth in length of the
primary root; (2) abnormal enlargement of the primary root; (3) pro
duction of numerous lateral rocts which were very close to each
other along the sides of the primary root; (4) earlier and more
pronounced xylem development, and (5) increase in the number of pro
toxylem poles. Untreated roots of the same age and length exhibited
none of these effects.
Results from this investigation suggests that 2,4-n stimulates
cell proliferation particularly in the pericycle and to some degree
in the endodermis. Associated with this stimulation of cell pro
liferation is abundant lateral root formation. Further evidence
suggests that 2,4-n influenced earlier and more pronounced xylem
development and the vascular pattern changes that occurred in treated
sunflower roots in this study.
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